In species of Clusia, switching from C 3 -photosynthesis (C 3 -PS) to crassulacean acid metabolism (CAM) may be a means of optimizing water use, plant carbon balance and photon utilization during periods of stress. We ask whether, in perennial species of Clusia, the switch from CAM back to C 3 -PS is also of ecophysiological signi®cance. Our objective was to investigate the performance of C. minor L. during a short-term shift from CAM to C 3 -PS. During the transition from CAM to C 3 -PS, nocturnal malate and citrate accumulation decreased whereas CO 2 uptake increased during the daytime. However, after 7 d, marked nocturnal accumulation of citrate and 24 h CO 2 uptake occurred. In contrast to C 3 -like photosynthesis, a pronounced reduction in the eective quantum yield of photosystem II, rF/F H m , together with a sharp increase in non-photochemical quenching were observed during CAM at the beginning and end of the day. After 7 d, integrated CO 2 uptake over 24 h approximately doubled; however, water use eciency was reduced three-fold due to increased rates of daytime transpiration. Despite very similar maximum rF/F H m between CAM and C 3 -PS, the results suggest that daily photon utilization increases when there is unrestricted CO 2 uptake directly from the atmosphere. Thus, under well-watered conditions and with increased rates of transpiration, C. minor performing C 3 -like photosynthesis may overcome the limitations of the storage capacity of the vacuole for overnight organic acid accumulation, improving its daily carbon balance.
INTRODUCTION
In C 4 plants, oxygenase activity of ribulose 1-5 bisphosphate carboxylase/oxygenase (Rubisco) is suppressed by a CO 2 concentrating mechanism established by spatial compartmentalization of the enzymes phosphoenolpyruvate carboxylase (PEPc) and Rubisco (Hatch, 1987) . In plants performing crassulacean acid metabolism (CAM), in contrast to those performing C 4 photosynthesis, a temporal separation between C 3 and C 4 carboxylation has evolved. This allows carboxylation to occur at near maximal eciency, at least during part of the day, when photorespiration may be suppressed by the generation of a high internal CO 2 concentration brought about by the decarboxylation of the organic acid pool accumulated overnight in the vacuoles (Cockburn et al., 1979; Maxwell et al., 1998) . Nevertheless, the amount of CO 2 available for Rubisco in leaves with closed stomata during CAM phase III in obligatory CAM plants will depend on the storage capacity of the vacuole which may be a limiting factor for organic acid accumulation (Zotz and Winter, 1993; Borland and Griths, 1997) . CAM is found in a range of plants which colonize contrasting habitats like the aquatic Isoetes (Keeley, 1990) , agaves and cacti in deserts (Nobel, 1988) , epiphytes and even trees like Clusia (Tinoco Ojanguren and Vazquez-Yanes, 1983; Ting et al., 1985) in rainforest, savannas, granitic outcrops or coastal sand dunes in the tropics (Borland et al., 1992; Franco et al., 1996 Franco et al., , 1999 Mattos et al., 1997; Herzog et al., 1999) .
Of the approx. 16 000 plant species which are capable of CAM (Winter and Smith, 1996) , species of Clusia, the ®rst tropical trees described to perform CAM, have extraordinary¯exibility to respond quickly to changes in environmental conditions such as light intensity, temperature, water availability and evaporative demand by shifts between C 3 -photosynthesis (C 3 -PS) and CAM (Franco et al., 1990 Borland et al., 1992; Haag-Kerwer et al., 1992) . This phenomenon has been observed in several species of Clusia both in the laboratory and in the ®eld and it may be a means of optimizing water use, plant carbon balance and photon utilization during periods of stress, as suggested by Borland et al. (1992) .
Regarding photosynthetic behaviour, Clusia minor L. is one of the best studied species in the Clusiaceae. However, the majority of studies have focused on the switch from C 3 -PS to CAM, elicited by changing environmental conditions in the laboratory or during transitions from wet to dry seasons in the ®eld. For instance, the amount of CO 2 taken up during the day and night can be controlled by changing day and night-time temperature dierences (Haag-Kerwer et al., 1992) . One may ask whether switches in the reverse direction, i.e. from CAM back to C 3 -PS, in perennial species of Clusia, are also of ecophysiological signi®cance. Thus, our objective in this paper was to investigate how C. minor performed during a short-term shift from CAM to C 3 patterns of gas exchange using determinations of chlorophyll a¯uorescence and organic acid concentrations. Based on the premise that the vacuole has a limited storage capacity, we hypothesized that CO 2 taken up directly from the atmosphere during the day, as in typical C 3 plants, provides higher photon use eciency than the decarboxylation of the organic acid pool accumulated overnight.
MATERIALS AND METHODS

Plant material and environmental conditions
Young plants of Clusia minor L. were collected in SerranõÂ a San Luis, FalcoÂ n State, Venezuela in 1987 and maintained in a greenhouse in Darmstadt, Germany. Cuttings of these plants were rooted and potted in soil (Fruhsdorfer Einheitserde LD 80; Industrie±Erdenwerk GmbH und Co. KG, Lauterbach, Germany). After 3±4 months when three± four leaf pairs had developed, plants were repotted in 5 l pots and transferred to a controlled environment Ecophytchamber (Heraeus, VoÈ tsch, Balingen, Germany) for 1 month. Day/night leaf temperatures averaged 30/18 8C while relative humidity averaged 65/75 %. This corresponded to a day/night leaf-to-air vapour pressure de®cit (VPD) of 20/6 kPa MPa À1 . A 12/12 h photoperiod was used and plants were watered daily. Photon¯ux density (PFD) at the level of the leaves used in the measurements of gas exchange and chlorophyll¯uorescence was about 350± 400 mmol photons m À2 s À1 (l 400±700 nm). To elicit a C 3 pattern of leaf gas exchange, whilst maintaining the same conditions during the day, the night-time leaf temperature was increased to 30 8C (Haag- Kerwer et al., 1992) . Leaf-toair VPD during the night was also adjusted to 20 kPa MPa À1 , equivalent to that experienced during the day.
Gas exchange measurements and organic acid analyses
Continuous measurements of net CO 2 exchange and water vapour loss were made on one fully expanded leaf using a CO 2 and H 2 O steady-state porometer (Binos, Leybold Heraeus, Hanau, Germany). Leaves of C. minor are hypostomatic. The gas exchange system and the equations used to calculate CO 2 and H 2 O exchange are described in LuÈ ttge et al. (1986) . To maintain the porometer cuvette at the same humidity as that in the Ecophytchamber, incoming air was bubbled through water and then cooled to the desired dew point by a Peltier-cooling system (Walz, Eeltrich, Germany). Leaf samples were collected at dawn and dusk from four dierent plants (one leaf per plant). Leaves were dried in a microwave oven for subsequent measurements of dry weight, and malate and citrate concentrations. Prior to organic acid determinations, the material was boiled in distilled water. Malate and citrate concentrations were determined enzymatically according to Hohorst (1965) and MoÈ llering (1985) , respectively. For each individual leaf sample, all analyses were performed in triplicate. Results were related to leaf area.
Chlorophyll¯uorescence analyses
Chlorophyll a¯uorescence measurements were performed using a pulse-amplitude modulation¯uorometer (PAM 101, Walz, Eeltrich, Germany) on leaves at the same position as those used for gas exchange measurements. The ®bre optics was kept at a constant distance (approx. 2 cm) and angle (608) to the leaf surface by an adapted leaf clip on the porometer head. Potential quantum yield of photosystem (PS) II, F v /F m , was determined just before the onset of the light period and 20 min after the 12 h photoperiod (see van Kooten and Snel, 1990 for uorescence nomenclature). The light adapted parameters were determined during the photoperiod by applying saturation pulses of white light for 800 ms at 1 min intervals. After the establishment of steady-state conditions, at least three maximum¯uorescence yield values (F H m ) were recorded. The leaf was subsequently covered with black cloth and illuminated with far-red light to determine the minimal¯uorescence, F H o . Following 2 min of darkness another saturation pulse was applied to determine the ®nal light saturated¯uorescence, F HH m . Photochemical (q P ) and total non-photochemical (q N ) quenching were calculated according to van Kooten and Snel (1990) 
) components of total non-photochemical quenching (q N ) were calculated as described by Keiller et al. (1994) . No distinct dierences in these two quenching components were found when using 2 or 3 min of darkness to obtain F NPQ is proportional to the eective rate constant for energy dissipation in the antennae as well as the concentration of quenching centres .
RESULTS
Gas exchange and organic acid oscillations
Under well-watered conditions and a day/night temperature regime of 30/18 8C, C. minor had a typical CAM pattern of CO 2 exchange (day 0 in Fig. 1 ). A very short morning peak of CO 2 uptake ( phase II) was observed, when net CO 2 assimilation reached about 10 mmol m À2 s À1 . After approx. 6 h of stomatal closure during the middle of the day ( phase III), stomata reopened and a small amount of CO 2 was taken up. To elicit a C 3 pattern of photosynthesis, the nighttime temperature and leaf-to-air VPD were raised to the same level applied during the daytime, i.e. 30 8C and 20 kPa MPa À1 , respectively. The night that temperature and leaf-to-air VPD were changed, there was a clear decrease in net CO 2 uptake in the nocturnal phase I of CAM (day 1 in Fig. 1 ). The following day the morning peak was not as high as on the previous day but it lasted longer. Afterwards stomata remained almost completely closed (data for stomatal conductance in Fig. 1 ) with negligible CO 2 uptake. During the second and third days after similar day/night conditions were imposed, the leaves of C. minor underwent a shift to CO 2 uptake only during the daytime hours, with night-time respiratory release of CO 2 . Maximal rates of CO 2 uptake were attained just after the lights were switched on in the growth chamber, followed by a consistent decrease in CO 2 uptake. On day 3, however, a slight recovery was observed towards the end of the light period. During the night of day 4, rates of CO 2 uptake were small. Thus, C. minor showed continuous CO 2 uptake over the 24 h period. Night-time rates of CO 2 uptake increased progressively for 7 d under similar day/night temperatures and leaf-to-air VPD whereas daytime rates remained fairly constant at about 6 mmol m À2 s À1 . Integrated CO 2 exchange and day-plus-night water use eciency (WUE) were also aected by the increase in nighttime temperature (Fig. 2) . Under a day/night temperature of 30/18 8C (day 0) night was the major period of CO 2 uptake, as is typical of the CAM pattern of gas exchange. The total amount of CO 2 assimilated under these conditions was 107 . 0 mmol m À2 . The highest daily water use eciency, i.e. 18 . 4 mmol mol À1 , was observed when the plant was performing a typical CAM pattern of gas exchange with all four phases of CAM (day 0). Changing the night-time temperature and the leaf-to-air VPD caused a decrease in integrated CO 2 exchange and day-plus-night water use eciency. Nevertheless, after 3 d under equal day/night temperatures, the integrated CO 2 uptake was slightly higher than on day 0 and continued to increase until it reached the highest recorded value of 232 . 7 mmol m À2 on day 7. Nocturnal CO 2 uptake during days 4 and 7 was much lower than on day 0. At the end of the experiment, day-plusnight WUE approached 6 . 3 mmol mol À1 . Dawn to dusk variations in the concentrations of malate and citrate decreased from day 0 to day 3 from the initial values observed during CAM (Fig. 3) . Generally, oscillations in citrate concentration were similar to or less than those in malate concentration. Although no oscillations in malate concentration were detected on day 7, a high dawn/ dusk variation of citrate was observed.
Chlorophyll a¯uorescence Under day/night temperatures of 30/18 8C (day 0), abrupt changes were observed in almost all chlorophyll uorescence parameters during transitions from phases II to III and from phases III to IV of CAM (Fig. 4) . rF/F were measured in phase IV. During phase II of CAM, q S varied around 0 . 50 at the beginning of the day and declined slightly to 0 . 41 after approx. 9 h of light. Thereafter it increased, reaching 0 . 66 at the end of phase IV. During almost all of the light period of day 0, 1Àq P remained low; however, it increased at the same time as q S . After the night-time temperature and leaf-to-air VPD were changed to match daytime values, chlorophyll uorescence parameters changed markedly until day 7, when the diurnal pattern was completely dierent. On day 1, minimum rF/F H m was as low as 0 . 18 at the beginning of the light period. During the course of the experiment rF/ F H m increased and the minimum value observed on day 7 was 0 . 57 in the early part of the photoperiod. The same behaviour was detected for the minimum values measured at the end of the photoperiod; they increased gradually from 0 . 21 on day 0 to 0 . 58 on day 7, approaching maximum values of 0 . 64 in the middle of the day. Thus, rF/F H m remained almost constant during the whole light period on day 7, with only slightly lower values at the beginning and at the end of the day. The high values of q N observed on day 0 at the beginning and end of the light period (approx. 0 . 86±0 . 94) decreased gradually during the course of the experiment. Despite decreased values of q N at the beginning and end of the light period on day 7, q N was higher in these periods than in the middle of the day, when it remained around 0 . 30.
On the day after the night-time temperature was changed, maximum values of NPQ in the early morning increased to 4 . 1. During subsequent days, the decrease observed for NPQ was faster at the end than at the beginning of the day. On day 7, NPQ remained very low throughout most of the day, reaching no more than 0 . 8. As noted above for q N , despite decreased q F towards the end of the experiment on day 7, comparatively high values of NPQ were still detected at the beginning and end of the light period. On day 7, the duration of the prevailing low values of q F increased during the middle of the light period. On days 1±3, 1Àq P increased at the beginning of the light period, whereas on day 7 it remained around 0 . 11 for the whole day. The high values of q S observed at both the beginning and end of the light period gradually decreased until day 7. For the whole of day 7, q S was between 0 . 27 and 0 . 33. The predawn F v /F m ratio was never lower than 0 . 80 during the whole duration of the experiment (data not shown).
DISCUSSION
As shown by Haag-Kerwer et al. (1992) , the magnitude of CO 2 uptake during the day or night in C. minor may be controlled by varying the day/night temperature. These authors found that between 20 and 30 8C and at a PFD of 260±300 mmol m À2 s À1 when the night-time temperature is similar to the daytime temperature CO 2 uptake only occurs 
FIG. 4. Daily¯uctuations of eective quantum yield (nF/F
H m , h), Stern-Volmer non-photochemical quenching (NPQ, d), the fast (q F , q) and the slow (q S , W) relaxing-time components of q N , the estimated reduction state of Q A (1Àq P , q) and total non-photochemical quenching (q N , W) for the same leaf used for gas exchange measurements in Fig. 1 . The switch from CAM to a C 3 -like pattern of gas exchange was elicited by using the same leaf temperature during day and night.
during the day. In the present study this approach was used, together with measurements of organic acid oscillations and chlorophyll¯uorescence, to test how the use of photons is aected by the short-term switch from CAM to a C 3 -like pattern of gas exchange in C. minor under well-watered conditions. As expected, using a PFD of 350±400 mmol m À2 s À1 , a typical CAM pattern was observed under wellwatered conditions, a day/night temperature of 30/18 8C and a leaf-to-air VPD of 20/6 kPa MPa À1 (Fig. 1) . It was also possible to distinguish all four phases of CAM gas exchange as described by Osmond (1978) . After only 2 d at day/night temperatures of 30/30 8C, C. minor assimilated CO 2 only during the daytime hours. The maximum values of CO 2 uptake observed during the early hours of the light period were followed by a marked midday depression of gas exchange without any recovery in the afternoon. However, it is interesting to note that at this stage there was still some night-time organic acid accumulation (Fig 3) . This indicates that nocturnal accumulation of malic acid was due to recycling of respiratory CO 2 , as also observed by HaagKerwer et al. (1992) , who found that a typical C 3 photosynthesis without any marked oscillations of malate and citrate occurred only when plants of C. minor were subjected to speci®c dierences between day and night temperatures and exposed to a low PFD of 30±50 mmol m À2 s À1 . In our experiment, after subjecting C. minor plants to the same day/night temperatures for 7 d, a bell-shaped curve of CO 2 uptake was observed, with the midday depression disappearing. In addition, CO 2 uptake was also seen during the night (Figs 1 and 2) . Nocturnal malate and citrate accumulations were shown in C. minor assimilating CO 2 continuously during day and night (Franco et al., 1990) . On day 7 of our experiment, however, only nocturnal citrate accumulation was detected without any clear day/night variation in malate (Fig. 3) . High background pools and/or substantial nocturnal accumulation of citrate in addition to or as an alternative to malate in species of Clusia have been reported under laboratory and ®eld conditions (Popp et al., 1987; Borland et al., 1996; Mattos et al., 1997; . As pointed out by LuÈ ttge (1999), this seems to be a unique characteristic of Clusia. Considering the biochemical steps involved in the generation of citric acid, LuÈ ttge (1988) demonstrated that no net carbon gain would be provided by the nocturnal accumulation of citric acid. Olivares et al. (1993) showed that malate is probably the precursor for citrate synthesis during the night. As compared to malate, nocturnal accumulation of citrate may also play a role in generating a high internal CO 2 concentration during the light period. One mole of malate decarboxylated in the cytosol yields 1 mol CO 2 while the decarboxylation of 1 mol of citrate to the level of pyruvate leads to 3 mol CO 2 (LuÈ ttge, 1988; Franco et al., 1990; Haag-Kerwer et al., 1992) .
Nocturnal accumulation of malate and citrate decreased from day 0 to day 3 (Fig. 3) while rates of CO 2 uptake during the middle to the end of the light period increased. It has been shown that temperature aects nocturnal accumulation and diurnal decarboxylation of malic acid due to changes in the permeability of the tonoplast membrane, which determines the rate of passive eux of malic acid from the vacuole (Friemert et al., 1988; Kluge et al., 1991; Kliemchen et al., 1993) . High temperatures increase tonoplast permeability and thus may reduce the vacuolar capacity for nocturnal storage of organic acids. It is well established that the high internal CO 2 concentration generated by the decarboxylation of the organic acid pools induces stomatal closure during phase III of CAM (LuÈ ttge, 1997) . We propose that the increase in CO 2 uptake during the middle of the light period from day 1 onwards could be related to a limited capacity to attain internal CO 2 concentrations high enough to close stomata due to decreased accumulation of organic acids the previous night. Nevertheless, if citrate breakdown generated higher internal CO 2 concentrations during at least part of the light period as compared to malate, the question arises: why is there no marked depression of CO 2 assimilation during day 7 and why is stomatal conductance (g H2O ) during almost all of day 7 maintained as high as in phase II of CAM on day 0 (g H2O , approx. 100 mmol m À2 s À1 )? This adds to the enigma of the role of signi®cant day/night oscillations of citrate in Clusia under some conditions of CAM (LuÈ ttge, 1988; Borland et al., 1992 Borland et al., , 1996 .
As previously observed by Mattos et al. (1999) , partitioning of total non-photochemical quenching (q N ) into its fast (q F ) and slow (q S ) relaxing time components may be used to assess how dierent environmental factors aect the way in which the photosynthetic apparatus dissipates the excitation energy in excess of that required to drive photosynthesis. An inability to cope with increased rates of excitation pressure upon PS II may predispose the leaves to a long-lasting photoinhibitory quenching. q F has been shown to be a sensitive indicator of the point at which light starts to become excessive, and increases in q S predominantly occur when leaves are subjected to potentially photoinhibitory conditions for prolonged periods (Demmig and Winter, 1988; Keiller et al., 1994; Mattos et al., 1999) . As PFD was kept constant during the day, decarboxylation of the organic acid pool accumulated overnight generates an internal CO 2 concentration high enough to sustain elevated rates of photochemistry during the middle of the day. During phases II and IV, the sharp increase in q F , and in some cases also q S , indicates that the low values of stomatal conductance strongly restricted the electron¯ow to CO 2 reduction. Maxwell et al. (1998) have shown that a pronounced draw-down in CO 2 concentration between stomatal cavities and the sites of carboxylation in the chloroplasts occurs in succulent leaves of KalanchoeÈ daigremontiana due to the additive eect of low stomatal and internal conductances, which at current atmospheric CO 2 and O 2 concentrations may increase the oxygenase activity of Rubisco. The protective role of photorespiration against photoinhibition has been shown for C 3 and CAM plants (Maxwell et al., 1998) . Additionally, the reduction state of the primary quinone electron acceptor of PS II (Q A ), estimated as 1Àq P , did not show any value higher than 0 . 35, which may be considered rather low. The reduction state of Q A re¯ects the balance between the rate of excitation energy transfer into PS II centres and the rate of electron transport beyond PS II (Demmig-Adams, 1990 ). Indeed, a decrease in the predawn F v /F m ratio, which is generally used as an indication of sustained decrease in photochemical eciency due to photoinhibitory conditions, was never observed in this experiment.
A gradual decrease in q F and q S in conjunction with high values of rF/F H m at the beginning and end of the light period was observed from day 0 to day 7. This suggests an increased capacity for photon utilization when uptake of CO 2 directly from the atmosphere was no longer severely restricted. Nevertheless, it was remarkable to ®nd that the maximum rF/F H m was very similar throughout the experiment (Fig. 4) , despite clear dierences in midday depression of CO 2 uptake (Fig. 1) . Even if we take into account an increase in photorespiration, which according to Maxwell et al. (1998) may aord less protection than the CO 2 concentrating mechanism operating during phase III of CAM in KalanchoeÈ daigremontiana, the increase in rF/F H m and the decrease of q N , q F , q S , NPQ or 1Àq P along with the decline in CO 2 uptake during the middle of the day would not be expected if decarboxylation of organic acids did not contribute to an internal build-up of CO 2 concentration to maintain photochemistry.
Thus, in our study, it was evident that the CO 2 concentrating mechanism of CAM brought about by the decarboxylation of malate and probably also citrate in C. minor may aord the same maximum eciency of photon use as a bell-shaped C 3 -like diurnal pattern of gas exchange. Moreover, if we assume that the decarboxylation in the cytosol, during the light period, of 1 mol of malate and of citrate will release respectively 1 and 3 mol of CO 2 , the amount of acids accumulated in the night of day 0 would be enough to support average photosynthetic rates of approx. 6 . 5 mmol m À2 s À1 during the 6 h period of stomatal closure on day 0, which is remarkably similar to maximum values of daylight CO 2 uptake on day 7. Nevertheless, this can only hold if decarboxylation of citrate accumulated overnight on day 7 did not play a role in the build-up of an internal CO 2 concentration high enough to suppress the oxygenase activity of Rubisco on that day. Conversely, we may speculate that with the decarboxylation of citrate, the CO 2 concentration was already high enough to saturate photosynthesis; however, the regeneration of RuBP may be acting as the limiting step. As pointed out by LuÈ ttge (1999), the possible role of citric acid in Clusia remains enigmatic. Borland et al. (1996) suggested that the switch from C 3 -photosynthesis to CAM in C. minor prolongs the period of net carbon gain into the dry season when¯owering and fruit production occur. Notwithstanding the fact that some CAM plants such as agaves may have transpiration rates as high as those in C 3 plants (Nobel, 1988) , it is clear that gas exchange during the night, when evaporative demand is low, may allow a very parsimonious use of water. On the other hand, stomatal opening during the day, as in C 3 photosynthesis, avoids the build-up of high internal O 2 concentrations, which may accelerate photo-oxidative stress considerably during phase III of CAM (Spalding et al., 1979; Osmond et al., 1999 ).
In conclusion, integrated CO 2 uptake over 24 h more than doubled from day 0 to day 7, following a night-time temperature change, showing that leaves of C. minor shifting from CAM to C 3 -like patterns of CO 2 uptake under well-watered conditions may overcome the probable limitations of the storage capacity of the vacuole for overnight organic acid accumulation, improving daily carbon balance. Nevertheless, day-plus-night WUE was three-times lower due to increased rates of water loss via transpiration during the same period. Although we did not measure leaf water potential, this behaviour indicates that besides the¯exibility to switch from CAM to a C 3 -like pattern of gas exchange, C. minor also has the capacity to increase water uptake by its root system and at the same time to maintain the integrity of the hydraulic system to counterbalance a transpiration demand six-times higher on day 7 than on day 0 (data not shown).
